The Met allele of the human brain-derived neurotrophic factor (BDNF) gene might be a risk factor for anxiety disorders and is associated with reduced hippocampal volume. Notably, hippocampus plays a crucial role in contextual learning and generalization. The role of the BDNF gene variation in human context-conditioning and generalization is still unknown. We investigated 33 carriers of the Met allele (18 females) and 32 homozygous carriers of the Val allele (15 females) with a virtual-reality context-conditioning paradigm. Electric stimulations (unconditioned stimulus, US) were unpredictably delivered in one virtual office (CTX+), but never in another virtual office (CTX-). During generalization, participants revisited CTX+ and CTX-and a generalization office (G-CTX), which was a mix of the other two. Rating data indicated successful conditioning (more negative valence, higher arousal, anxiety and contingency ratings for CTX+ than CTX-), and generalization of conditioned anxiety by comparable ratings for G-CTX and CTX+. The startle data indicated discriminative learning for Met allele carriers, but not for Val homozygotes. Moreover, a trend effect suggests that startle responses of only the Met carriers were slightly potentiated in G-CTX versus CTX-. In sum, the BDNF polymorphism did not affect contextual learning and its generalization on a verbal level. However, the physiological data suggest that Met carriers are characterized by fast discriminative contextual learning and a tendency to generalize anxiety responses to ambiguous contexts. We propose that such learning may be related to reduced hippocampal functionality and the basis for the risk of Met carriers to develop anxiety disorders.
| INTRODUC TI ON
It is crucial for an organism's survival to prevent threat by quickly learning its situational or contextual predictors. Importantly, generalization of such learning to similar but novel situations is quite adaptive. In anxiety disorders, such learning processes may be maladaptive as well as a tendency to generalize such aversive learning to a broad range of situations. Consequently, the daily life of those with anxiety disorders is impaired or greatly limited. In this study, we investigate the modulatory role of the rs6265 polymorphism of the brain-derived neurotrophic factor (BDNF) gene on learning and generalization of contextual anxiety because of two reasons. First, this polymorphism is considered to modulate hippocampal structure and functionality, and the hippocampus plays a major role in contextual conditioning (Maren, Phan, & Liberzon, 2013; Rudy, 2009) . Second, hippocampus is crucially involved in generalization processes (Onat & Buchel, 2015; Lissek et al., 2014) .
In classical fear conditioning, an initially neutral stimulus is paired with a threat (unconditioned stimulus, US, Pavlov, 1927) leading to fear responses triggered by the previously neutral conditioned stimulus (CS+). In discriminative conditioning, a second stimulus (CS-) never paired with the US predicts safety and inhibits fear responses.
Such fear conditioning is a simple and reliable model for phasic fear characterizing specific phobias (Craske et al., 2009; Mineka & Oehlberg, 2008) . Following the distinction between fear and anxiety (Davis, Walker, Miles, & Grillon, 2010; Perusini & Fanselow, 2015; Tovote, Fadok, & Luthi, 2015) , context conditioning is considered as a model of anxiety (Fanselow, 2010; Maren et al., 2013; Rudy, 2009 ). In differential context conditioning, the US is delivered in one context (anxiety context, or CTX+), but never in the other context (safety context, or CTX-) in an unpredictable manner. Consequently, the organism shows anxiety when confronted with the CTX+ again as indicated by ratings, startle potentiation, and electrodermal activity (Andreatta, Leombruni, Glotzbach-Schoon, Pauli, & Mühlberger, 2015; Andreatta, Neueder, Glotzbach-Schoon, Mühlberger, & Pauli, 2017; Cohen Kadosh et al., 2015; Glotzbach-Schoon, Tadda, et al., 2013; Grillon, Baas, Cornwell, & Johnson, 2006) . Importantly, the amygdala plays an important role in both classical and contextual conditioning, while the bed nucleus of the stria terminalis and the hippocampus seem to play a specific role in contextual anxiety (Maren et al., 2013; Rudy, 2009; Stout et al., 2018) . Furthermore, participants with larger hippocampal volume showed facilitated context learning as compared to participants with smaller hippocampal volume (Pohlack et al., 2012) .
Contextual learning is also modulated by risk factors such as trait anxiety (Baas & Heitland, 2015; Cohen Kadosh et al., 2015; Glotzbach-Schoon, Tadda, et al., 2013) and genetics (Baas, 2013;  Glotzbach-Schoon, Andreatta, Reif et al., 2013; Heitland, Groenink, Bijlsma, Oosting, & Baas, 2013; Muhlberger et al., 2014) . Specifically, high compared to low anxious individuals revealed quicker acquisition of conditioned anxiety (i.e., contextual learning, Glotzbach-Schoon, Tadda, et al., 2013) but a failure to discriminate between threat and safety cues (i.e., cue learning, Baas, 2013; Baas & Heitland, 2015;  Cohen Kadosh et al., 2015) , which was interpreted as generalization of the conditioned aversive responses. In line, carriers of a genetic risk for anxiety disorders showed quicker acquisition of conditioned aversive responses to the threatening context as compared to nonrisk participants (Glotzbach-Schoon, Andreatta, Reif et al., 2013) or stronger aversive responses to the threatening context, especially among participants unaware of the CTX-US association (Baas & Heitland, 2015; Heitland et al., 2013) .
The rs6265 polymorphism of the BDNF gene causes a Val-Met substitution at codon 66 of the BDNF protein and may be of particular importance for context conditioning as it mediates BDNF secretion (Chen et al., 2004) . Considering that BDNF is a key factor in synaptic plasticity (Carvalho, Caldeira, Santos, & Duarte, 2008) , less BDNF secretion (associated with the Met allele) seems to induce a reduction of the neurons' dentritic arbor as well as a reduction of the hippocampal volume (Chen et al., 2006; Egan et al., 2003; Molendijk et al., 2012) , and may contribute to memory deterioration Hariri et al., 2003; van Wingen et al., 2010) . Notably, the BDNF Met allele has been proposed as a vulnerability factor for anxiety disorders (for a reviews see Boulle et al., 2012; Cattaneo, Cattane, Begni, Pariante, & Riva, 2016 (Bath et al., 2012; Chen et al., 2006) . These findings are supported by data in humans showing that Met allele carriers exhibited higher amygdala reactivity to emotional stimuli (Montag, Reuter, Newport, Elger, & Weber, 2008) .
BDNF is abundant in the hippocampus and in several brain areas critically involved in the processing of fear and anxiety (Monfils, Cowansage, & LeDoux, 2007) . Accordingly, the BDNF polymorphism impacts associative learning (for a review see Lonsdorf & Kalisch, 2011) . In fact, Met allele carriers versus Val allele homozygotes showed greater conditioned amygdala activation to CS+ versus CS- (Lonsdorf et al., 2015) , imparied differential startle responses to threat and safety signals (Lonsdorf et al., 2010) , and less conditioned startle potentiation to CS+ (Hajcak et al., 2009 ). However, one study found no effects on this polymorphism in threat conditioning (Torrents-Rodas et al., 2012) .
Specifically, both Met allele carriers and homozygous for Val allele showed comparable discriminative responses to threat versus safety signals. Possibly, such contrasting findings may be related to the specificity of the used paradigms (for a bigger discussion see Lonsdorf & Merz, 2017) , which all were amygdala-dependent learning protocols, that is cued threat conditioning.
Experimental evidence on hippocampus-dependent learning protocols (i.e., contextual threat conditioning) is still scarce, although clear effects have to be expected based on the impact of the BDNF polymorphism on both volume (Chen et al., 2006; Molendijk et al., 2012) and functionality Hariri et al., 2003;  van Wingen et al., 2010) of the hippocampus. Thus, animal studies indicate a specific failure of context-dependent learning in bdnf KO compared to wild-type (WT) mice (Chen et al., 2004) , and bdnf KO mice revealed deficits in extinction learning, which is a type of context-dependent learning (Yu et al., 2009) . Finally, the human BDNF polymorphism was found to affect conditioned fear responses to discrete signals presented either in a threatening or in a safety context (Muhlberger et al., 2014) . Thus, Met carriers, but not Val homozygous generalized conditioned fear responses when the threat signal was presented in a novel context.
Fear generalization refers to defensive responses elicited by stimuli (labeled generalization stimulus or GS), which have never been associated with threat, but share perceptive or "conceptual" (or contextual) characteristics with the threat signal (for a review see Dymond, Dunsmoor, Vervliet, Roche, & Hermans, 2015) . The hippocampus is thought to perform a comparison between the CS+ and the GS. Thus, previous studies in cue learning protocols found an inverse relationship between hippocampus activation and GS-CS+ similarity (Lissek et al., 2014; Onat & Buchel, 2015) . To our knowledge, only one study investigated generalization processes in human BDNF polymorphism and found no difference between Val homozygous and Met carriers (Hajcak et al., 2009) . The study used a cue conditioning paradigm, which is amygdala-dependent (LeDoux, 2007) . We expect to reveal such effects using a hippocampus-dependent contextual conditioning paradigm.
Direct evidence of BDNF val66met effects on context conditioning as well as subsequent generalization is still lacking. In humans, virtual reality (VR) allows us to elegantly investigate these effects (Baas, Nugent, Lissek, Pine, & Grillon, 2004; Glotzbach-Schoon, Andreatta, Mühlberger, & Pauli, 2013) . Against this background, the present study examined 65 participants stratified for the BDNF val66met polymorphism with a VR context conditioning paradigm and a subsequent generalization test during which participants revisited the anxiety context (CTX+) and the safety context (CTX-), as well as a generalization context (G-CTX), which was the mix of the former two. We hypothesized that Met carriers, due to the assumed risk factor for anxiety disorders, show discriminative conditioned responses (e.g., startle potentiation to CTX+ vs., CTX-) earlier during the learning protocol than Val homozygotes paralleling findings in high versus low anxious individuals (Glotzbach-Schoon, Tadda, et al., 2013) . Moreover, we hypothesize that conditioned anxiety is more strongly generalized to the ambiguous G-CTX by Met carriers versus Val homozygous because of reduced hippocampus functionality.
| ME THODS AND MATERIAL S

| Participants
Eighty-one participants were selected from a larger sample of healthy volunteers recruited within the framework of the collaborative research center SFB TRR58 (Deckert et al., 2017; Schartner et al., 2017; Schiele et al., 2016) . BDNF rs6265 was genotyped using standard PCR followed by enzymatic digestion and staining according to our previously published protocol (Muhlberger et al., 2014) . 
| Material
| Unconditioned stimulus
A constant current stimulator (Digitimer DS7A, Digitimer Ltd., Welwyn Garden City, UK) generated mildly painful electric stimuli (50 Hz, 200 ms) delivered through two electrodes to the dominant inner forearm triggered by the software CyberSession (Programmversion VTplus GmbH, Würzburg, Germany; www.cybersession.info). The intensity was individually adjusted (Andreatta, Mühlberger, Yarali, Gerber, & Pauli, 2010) to the pain threshold and increased by 30% in order to avoid habituation. The resulting US (for groups differences, see Table 1 ) had a mean intensity of 2.28 mA (SD = 1.44) and was rated as painful, that is 5.29 (SD = 1.25) on a scale from zero ("no sensation at all") to 10 ("very strong pain") with meaning "just noticeable pain."
| Contextual stimuli
The VR environment consisted of virtual offices created with the Source Engine from the Valve Corporation (Bellevue, USA) presented with a Z800 3D Visor head-mounted display (HMD, eMagin, Hoppenwell Junction, NY, USA) with a resolution of 600 × 800 pixels. Head positions were monitored with an electromagnetic tracking device (Patriot, Polhemus Corp., Colchester, VT, USA) in order to constantly adapt the field of view. Virtual offices have been described in detail previously (Andreatta et al., 2015 . Briefly, two rooms were separated by a corridor and had the same floor plan, while they differed in the arrangement of the furniture. These rooms served as to-be-conditioned contexts. A third virtual office was a mix of the other two and contained 50% of the furniture from one office and 50% of the furniture from the other office, equally distributed in the room (see Figure 1 ).
| Startle probes
The acoustic startle stimulus was a 103 dB burst of white noise presented for 50 ms binaurally via headphones.
| Ratings
Participants had to verbally rate the virtual office after each experimental phase (see Procedure). A screenshot of a room was presented, and participants were instructed to imagine being inside this virtual room. Below the screenshot, a visual analogue scale (VAS) ranging from zero until 100 was presented. Zero meant "negative,"
"calm," "no anxiety," or "no association" for the valence ("how positive vs. negative was the room for you?"), arousal ("how intense was your arousal in this room?"), anxiety ("how strong was your anxiety in this room?"), and contingency ("which is the probability that you received electric shocks in this room?") ratings, respectively; while 100 meant "positive," "intense," "high anxiety," and "perfect association," respectively.
| Questionnaires
Participants completed the German versions of several questionnaires (Table 1) F I G U R E 1 Sketch of the protocol (a) and of the virtual rooms (b). During exploration phase, participants actively explored the two to-beconditioned virtual rooms (Room 1, Room 2) for two minutes. During acquisition phases, participants were passively guided into Room 1 and Room 2. Unpredictable aversive electric shocks (unconditioned stimulus, US) were delivered in one room (anxiety context, CTX+), but never in the other room (safety context, CTX-). The two rooms were counterbalanced among the participants. During test phase, participants revisited Room 1 and Room 2 (i.e., anxiety and safety contexts). Moreover, a third new virtual room (generalization context, G-CTX) was passively visited. This third room was the mix of the other two [Color figure can be viewed at wileyonlinelibrary.com] sensitivity defined as fear of anxiety-or arousal-related sensations such as increased heart rate. The State-Trait Anxiety Inventory (STAI, Laux et al., 1981) consists of 20 items for the trait part and 20 items for the state part and measures the individual's general anxiety. The Positive and Negative Affect Schedule (PANAS, Krohne, Egloff, Kohmann, & Tausch, 1996) was used to determine current positive and negative mood on 10 items.
Both STAI state (Laux et al., 1981) and PANAS (Krohne et al., 1996) were filled out at the beginning and at the end of the pro- In other words, participants reported higher anxiety, greater negative mood, and less positive mood at the end of the experiment as compared to the beginning (Table 2 ). Most likely, this change is due to the delivery of aversive stimuli such as the painful electric shock (i.e., the US) and the white noise probes (i.e., the startle probe).
| Procedure
After arrival, participants signed the informed consent and completed a demographical questionnaire as well as the trait and the state parts of the STAI and the PANAS. During the habituation phase, participants navigated freely through two virtual offices (CTX+, CTX-) for 2 min by means of a joystick, but not through the generalization office (G-CTX). No electric shock or startle probes were delivered. Then, seven startle probes were delivered every 7-14 s in order to habituate the initial startle reactivity.
The two identical acquisition phases (Acquisition 1 and Acquisition 2) started with the instruction that participants could receive electric shocks, but without revealing the contingency between contexts and US. Participants were passively guided through the virtual offices on one of two pre-recorded paths, played alternatively. Participants could still move their heads freely. All paths started from the corridor (inter-trial interval, ITI) and entered one virtual room after 20 s for 125 s (one trial). Each acquisition phase consisted of six trials, that is, three entries to each room. In one office (anxiety context, CTX+), participants received 1 to 3 electric shocks (i.e., the US) in an unpredictable fashion (i.e., 2 × 6 USs during Acquisition 1 and Acquisition 2). Virtual offices were counterbalanced among participants. Additionally, startle probes were unpredictably presented in the anxiety and in the safety context (1-3 in one room summing to 6 in CTX+ and 6 in CTX-during each acquisition phase), and during the ITIs (four during each acquisition phase). Both USs and startle probes were never delivered during the first and the last 7 sec of a room visit in order to prevent specific association between these aversive stimuli and the room's doors. Moreover, the time intervals between two startle probes, or between two USs, or between a startle probe and an US were at least 10 sec.
During the generalization phase, participants were passively guided into the virtual rooms on two different pre-recorded paths.
Additionally, participants entered the G-CTX. Each context was entered three times and no US was delivered. Furthermore, one to three startle probes were delivered in each virtual room in an unpredictable manner exactly as described for the acquisition phases.
Five additional startle probes were presented during the ITIs.
Importantly, the sequence of the rooms in all three phases (Acquisition 1, Acquisition 2, and generalization) was pseudo-randomized with the restriction that the same office would not be entered more than twice in a row. placed below the left eye following guidelines (Blumenthal et al., 2005) . The EMG was offline filtered with a 28 Hz low-cutoff filter and a 400 Hz high-cutoff filter. Then, it was rectified and a moving average of 50 ms was applied for smoothing the signal.
| Data recording and reduction
The signal was then segmented for each phase and virtual room from 50 ms before and 1 sec after startle-probe onset. After the baseline correction (50 ms before probe onset), the startle responses were manually scored and trials with excessive baseline shifts (≥5 µV) were excluded from analysis. Startle amplitude was defined as the maximum peak between 20 and 120 ms after probe onset. Participants with a mean startle response <5 µV were coded as non-responders and excluded from the analysis (N = 9).
Those startle responses excluded because of an artifact were then interpolated with the startle responses of the other participants, separated for the groups. The raw data were then within-subject transformed to z-scores and then to T-scores in order to reduce inter-individual variance. The T-scores were then averaged for each condition, each phase and each trial, separately. Please note, that mean scores for each trial were calculated considering all startle responses elicited during one visit of a context (i.e., one trial). Lastly, we calculated differences from ITI responses in order to depict startle potentiation or attenuation.
| Statistical approaches
The As post hoc tests for significant interactions, we calculated simple contrasts and corrected Bonferroni. The significance level was set at p < 0.05 for all statistical tests. The Greenhouse-Geisser correction (GG-ε) of degree of freedom was applied when sphericity was violated and partial η 2 are indicated for effect size.
| RE SULTS
| Habituation phase
| Ratings
ANOVAs for valence (all p values > 0.341), arousal (all p values > 0.394), and anxiety (all p values > 0.144) ratings returned no 3 Please, note that during each trial one to three startle probes were delivered. Therefore, the considered averages for each trial included more than one startle response.
F I G U R E 2 Ratings (with standard deviations) for the (a) valence, (b) arousal, (c) anxiety, and (d) contingency after habituation phase (hab), first (acq1) and second (acq2) acquisition phases as well as after generalization phase (gen). After acquisition phases, anxiety context (CTX+, black circles) was rated as more negative, arousing, anxiogenic, and associated with the US than safety context (CTX-, white triangles). After generalization phase, the anxiety context was still rated as more aversive than the safety context. The generalization context (G-CTX, gray rhombus) was rated as more negative, arousing, anxiogenic, and associated with US than safety context. Moreover, G-CTX was rated as arousing and anxiogenic as CTX+, but as more positive and less associated with the US than CTX+. ***p < 0.001, **p < 0.01, *p < 0.05 significant main or interaction effects suggesting that the two virtual rooms were equally rated by all participants at the beginning of the experiment (Figure 2 ).
| Acquisition phase
| Ratings
For all ratings, ANOVAs returned significant main effects of con- 
| Startle response
The ANOVA for Acquisition 1 returned no significant effects 
The ANOVA returned a significant main effect of context Considering that we expected group differences during the generalization phase and that the interaction was nearly significant, we exploratively calculated Bonferroni corrected simple contrasts be- In sum, startle data of the generalization phase indicate maintenance of conditioned anxiety, but no generalization of anxiety to a context sharing properties with the threating context. In addition, using startle data we found evidence of some generalization of contextual anxiety in the Met group, but not in the Val homozygous group.
| D ISCUSS I ON
The present study investigated the role of the functional human BDNF rs6265 polymorphism in context conditioning and its generalization. Participants underwent an experimental VR paradigm during which they received in one office (anxiety context, CTX+), but not in the other office (safety context, CTX-), unpredictable mildly painful electric stimulations (i.e., US). During the following generalization phase, participants revisited both offices plus a third office (generalization context, G-CTX), which shared features of both the anxiety and the safety context.
Successful contextual learning was revealed as the CTX+ compared to the CTX-was rated as more negative, arousing, anxiogenic and associated with the US and elicited potentiated startle responses. These results corroborate previous contextual learning studies (Andreatta et al., 2015; Andreatta et al., 2017; GlotzbachSchoon, Andreatta, Mühlberger et al., 2013; Glotzbach-Schoon, Andreatta, Reif et al., 2013; Grillon et al., 2006; Lang et al., 2009; Marschner, Kalisch, Vervliet, Vansteenwegen, & Büchel, 2008; Pohlack et al., 2012) and indicate that a long-lasting and complex stimulus such as a context after association with an unpredictable aversive event becomes aversive and elicits defensive responses.
We found no modulatory effects of the BDNF polymorphisms on the verbal, explicit responses (i.e., ratings), which we think are the results of unbiased reflective processes of these healthy and well-functioning individuals on the basis of clear learning contingencies. Importantly, this is in line with previous studies investigating BDNF polymorphism (Hajcak et al., 2009; Lonsdorf et al., 2015 Lonsdorf et al., , 2010 Muhlberger et al., 2014) , but also other polymorphisms such 4 As suggested by a reviewer, we calculated differential startle scores between anxiety and safety context for the generalization phase and considered a participant learner, when its differential score was bigger than 0. Glotzbach-Schoon, Andreatta, Reif et al., 2013) , the corticotropinreleasing hormone receptor 1 (CRHR1, Heitland et al., 2013) , and the Neuropeptide S (NPS, Glotzbach-Schoon, Andreatta, Reif et al., 2013) genes.
In contrast, we found the BDNF rs6265 to affect contextual learning, as reflected in startle response, which is proposed as a sensitive biomarker for anxiety disorders (Grillon, 2002 Mühlberger et al. (2014) , who reported worse contextual learning among Met carriers. However, the acquisition phase realized by Mühlberger et al. cannot be compared with the acquisition phase of this study as they used a more complex learning paradigm in which the context was the background of the learning, while in our experiment the context was in the foreground. Importantly, both accelerated acquisition of contextual anxiety (Glotzbach-Schoon, Tadda, et al., 2013) and being carrier of the Met allele (Boulle et al., 2012; Cattaneo et al., 2016) have been proposed as risk factors for anxiety disorders. Based on the present findings, we cautiously propose that accelerated acquisition of contextual anxiety may be one mechanism putting Met carriers at risk for anxiety disorders. Our results definitely underline the importance of modeling threat unpredictability and anxiety responses to understand the development of anxiety disorders.
Regarding the generalization phase, we overall replicated our previous findings (Andreatta et al., 2015 The startle responses during the generalization phase, however, revealed on a trend level some differences between the examined BDNF genotypes. Firstly, the explorative trial-by-trial analyses suggest for both polymorphism groups, startle potentiation in the anxiety compared to the safety context during the first trials of the generalization phase, but not during the last trial. As no US was delivered during the generalization phase, this likely reflects extinction learning (Milad & Quirk, 2012; Vervliet, Craske, & Hermans, 2013) , which according to this explorative analyses seems to be unaffected by BDNF genotypes. Secondly, the explorative trial-by-trial analyses suggest BDNF genotype effects on general- more on anxiety-related properties. It is important to heed this with caution as our finding has to be considered preliminary and asks for replication. Nevertheless, it is plausible and in line with previous results in anxiety patients (Laufer, Israeli, & Paz, 2016; Lissek et al., 2010) or in BDNF Met carriers (Lonsdorf et al., 2010; Muhlberger et al., 2014) , which show increased generalization of conditioned fear responses.
Considering Mühlberger et al. (2014) and the present study, we think that the reduced hippocampal functionality related to the BDNF Met polymorphism deteriorates hippocampus-dependent discrimination of contexts on the basis of configural characteristics.
However, the BDNF Met polymorphism fosters amygdala-dependent learning of contextual features which discriminate contexts (Rudy, 2009 (Rudy, 2009) . Possibly Met carriers learned this relatively fast because of an imbalance in favor of feature learning relative to configural learning. We propose that these hypotheses derived from the present study deserve further experimental testing.
The current study presents some limitations. First, although we examined stratified samples of more than 30 participants per genotype group, which we previously found sufficient to reveal BDNF effects on learning processes, such a sample size may be too small to reveal small learning differences modulated by a gene (for a broader discussion see also, Lonsdorf & Merz, 2017) . Second, since we had only one generalization context, we were not able to investigate generalization gradients which would have allowed to better depict the processes underlying generalization of conditioned anxiety (for a broader discussion see also, Andreatta et al., 2015) . Third, it may be advisable for future studies to deliver the US during the generalization phase at least once. This would better parallel studies on generalization of fear cues (Lissek et al., 2010) , and also would prevent extinction learning, which seemed to happen quite quickly in this study.
In summary, we revealed successful acquisition of conditioned anxiety on both explicit (i.e., ratings) and implicit (i.e., startle re- 
S U PP O RTI N G I N FO R M ATI O N
Additional supporting information may be found online in the Supporting Information section at the end of the article. 
